Purpose: State-of the art genomic analyses of pancreatic adenocarcinoma (PDAC) have yielded insight into signaling pathways underlying carcinogenesis. PDAC is characterized by substantial genomic heterogeneity. We aimed to determine if early-onset PDAC (EOPC; ≤ 55 years) displays a distinctive molecular landscape from average-age onset PDAC (AOPC; ≥ 70 years).
Translational Relevance:
Pancreatic adenocarcinoma (PDAC) is characterized by substantial genomic heterogeneity. We aimed to determine if early-onset pancreatic cancer (EOPC) displays a distinctive molecular landscape from average-age onset pancreatic cancer (AOPC). Three distinct genomic datasets for PDAC were analyzed for differences in somatic mutations, gene expression and protein expression levels. Genomic data and analyses were correlated with clinical data and outcomes.
We identified N= 56 patients aged ≤ 55 years and N= 127 pts aged ≥ 70 years. SMAD4 displayed higher mutation rates in EOPC as well as increased activation of TGFb pathway. Our exploratory analysis suggests that there may be somatic gene alterations within the population of EOPC that involve unique cellular pathways compared with AOPC. In an era of precision medicine, EOPC may represent a unique biological entity that should be further explored for potentially optimal treatment tailoring.
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Introduction:
Pancreatic cancer (Pancreatic ductal adenocarcinoma; PDAC) is a highly lethal malignancy with a five-year mortality of 97-98%, usually due to metastatic disease (1,2). The challenging prognosis is attributed to the late stage at which most patients are diagnosed, along with the lack of effective systemic therapies to control the disease (2) . PDAC is a disease of the elderly, with the median age of diagnosis of PDAC in the US being 71 years (1). Nearly 5% of patients diagnosed with PDAC are under the age of 50 years, referred as early-onset pancreatic cancer (EOPC; http://seer.cancer.gov/statfacts/html/pancreas.html; (2) ). In the current Surveillance, Epidemiology, and End Results (SEER) data, there is a trend towards an increase in the rate of EOPC over the last two decades, as depicted in Figure 1 , data obtained from the SEER website.
There is a paucity of data regarding the clinicopathological features of EOPC. Several retrospective studies have described cohorts of EOPC, and indicated a trend for improved survival in the EOPC compared with patients with average onset pancreatic cancer (AOPC), although there are conflicting studies as well with smaller sample sizes (3) (4) (5) . Newer studies have implied that EOPC is significantly more prevalent in males (ratio male/female >2 below the age of 50 years compared with <1.4 above the age of 60 years). Moreover, smoking has been found to be a key player in the pathogenesis of EOPC (6,7).
The genomic characterization of PDAC has greatly evolved recently and revealed many of the genetic alterations that underline distorted signaling pathways in PDAC (8) . The genomic landscape of PDAC is defined by four mutational pathways that are essential drivers of carcinogenesis, KRAS, TP53, CDKN2A and SMAD4, although additional candidate driver genes that may be attributed to either sporadic or familial PDAC occur in a minority of cases (such as BRCA, ATM and PALB2). The key mutation in PDAC is activated KRAS (>95%) which occurs early in carcinogenesis, while mutations in SMAD4 occurs later and are thought to facilitate the progression of PDAC (9) . Loss of Smad4 protein correlates with worse clinical outcomes, although some data are conflicting (10, 11 distinctive phenotypes and as a result to the definition of subgroups that will potentially benefit from specific therapies.
In light of putated differences in young patients who develop PDAC in comparison to a more typical age group, and with mounting genetic and pathologic evidence that had been gathered in the last decade, we sought to evaluate whether EOPC displays differing clinical characteristics, genomic landscape and survival outcomes compared to AOPC utilizing three distinct cohorts, which used exome sequencing and copy number analysis to define genomic aberrations.
Methods

Determining Old and Young PDAC Patient Cohorts
For statistical analysis (described below) we defined an "early-onset" (EOPC; < 55 years) and 
TCGA Cohort
All analyses were performed on The Cancer Genome Atlas (TCGA) publicly available dataset.
Eligible patients were those who were defined as having PDAC in the TCGA dataset and who had complete information on age at PDAC diagnosis, tumor histology, clinical demographics, survival, and had DNA analysis, gene expression and reverse protein phase array (RPPA) analyses available. Mutation and copy number data were obtained from the TCGA pan-cancer project (8) . Analysis of the gene expression pathway was explored using the Gene Set Enrichment Analysis (GSEA) website (software.broadinstitute.org/gsea).
Australian Cohort
We included an Australian cohort in our analysis (13) . Due to the small sample size of youngonset patients in this cohort, it was not included in the transcriptomic analysis dataset, but for clinical data only -patient clinicopathological demographics and survival analysis.
Statistical Analyses
Mutation type frequencies were determined for each patient, excluding indels and multiplebase mutations. Group frequencies were determined by averaging the individual patient frequencies: this prevented skewing of the data by patients with large numbers of mutations.
The statistical significance of mutation and copy number frequencies was determined by Fisher's exact test. Statistical analysis for survival was performed using the statistical software SPSS version 17.0 for Windows (SPSS, Chicago, IL, USA). Survival was estimated using the Kaplan-Meier method and survival curves were compared using the log-rank test.
Results
Patients
Research. From the three genomic cohorts, N= 293 patients were included in the analysis: N= 90 earlyonset patients (EOPC) and N= 203 average-onset patients (AOPC). Thirty-seven EOPC patients had metastatic disease, all from the MSK cohort. There was a slight female predominance in the young cohort (53/90; 59%), though not statistically significant. The most common primary tumor location was the head of the pancreas in both groups. There was not a significant difference in the prevalence of smoking between the two groups (43/90; 48% never smokers in the EOPC group compared with 88/203; 43%, never-smokers in the AOPC). The analysis of family history was performed only for the MSK cohort, since data was not available for the Australian cohort, and there was a substantial number of cases with "unknown family history" in the TCGA cohort that may confound the results. For the MSK cohort, the EOPC group had a significantly higher rate of having a family history of cancer: 54% versus 39% (p= 0.05). There was no increased rates of pancreatitis or diabetes in the EOPC compared with the AOPC. The prevalence of diabetes was 13.2% in the EOPC and 20.3% in the AOPC groups. Patient characteristics of the three cohorts are presented in Table 1 . Figure 2a illustrates the genomic landscape related to age for the TCGA cohort, and figure 2b for the MSK cohort. Consistent with prior molecular studies of PDAC, KRAS mutations were the most prevalent type in both cohorts, followed by TP53 and CDKN2A. In the MSK cohort, KRAS mutations were significantly less frequent in the EOPC cohort (83% versus 96%; p= 0.016); there was no significant difference in the TCGA dataset.
Genomic Landscape
Mutations in the SMAD4 gene were significantly more prevalent in the EOPC group in both TCGA and MSK cohorts (p= 0.02). There was a trend of higher prevalence of mutations in PIK3CA gene in EOPC group in the TCGA cohort (p= 0.07) though did not differ across ages in the MSK cohort. Mutations in BRCA1 and BRCA2 were not more prevalent in EOPC. Figure 3 describes the signaling pathways associated with age. Briefly, we utilized the RNAseq data available from the TCGA pancreatic tumors to further characterize the differences 
TGFbeta Signaling is Associated with EOPC
between tumor gene expression signatures and genes. KEGG Gene enrichment set analysis was assessed per patient, and the enrichment score was calculated for each signature. Then a correlation between the enrichment score and the patient's age was performed. Among the tested signatures, we identified four signaling pathways that were statistically associated with age ( Figure 3a) : Hedgehog, TGF-beta, Hypoxia and UV (ultraviolet) response. TGF-beta signaling was the second most significant signature, after hedgehog (Figure 3b-c) .
To support our findings, we analyzed the reverse-protein-phase array (RPPA) data base available in the TCGA cohort. Comparing the TGF-beta pathway related protein, GSK3, we observed a higher expression of phosphorylated GSK3 in the two residues 9 and 21 in the EOPC cohort, as depicted in Figure 4 .
Survival
Kaplan-Meier method and survival curves were performed only for the TCGA cohort and Australian cohort, due to lack of sufficient follow up interval for the MSK cohort. Survival analyses revealed no differences between the age groups. Survival curves are presented in 
Discussion
State-of the art genomic analysis of PDAC has yielded new insights related to underlying carcinogenic signaling pathways (12) (13) . PDAC is characterized by substantial genomic homogeneity in that virtually all PDAC's have a mutation in one of the four key driver oncogenes but also substantial genomic heterogeneity given the array of lower frequency other gene mutations with a frequency of <10% beyond driver mutations. Defining specific genomic patterns may underpin tailoring individual therapy to a targetable phenotype and may improve clinical outcomes. Waddell et al. in a pioneering study defined the genomic landscape of PDAC by performing deep whole-genome sequencing of a hundred PDACs and showed that structural variation is an important mechanism of DNA damage in pancreatic carcinogenesis (13) . The analysis indicated that a combination of structural variation, mutational spectra and gene mutations creates a signature that may predict therapeutic responsiveness for platinum-based therapy, which are current therapeutic options for PDAC. Lowery at al. recently described a cohort of PDAC patients enrolled into the MSK study in which comprehensive next-generation sequencing was performed to determine the real-time feasibility of molecular profiling and in order to identify potential novel therapeutic targets (12) . This report of 336 patients demonstrated frequent genetic alterations in key signaling pathways, including Notch signaling, chromatin remodeling, DNA repair, cell cycle, RNA processing, WNT and TGF-beta signaling, and KRAS activation, in concordance with former studies (9, (13) (14) (15) (16) Due to former limited evidence pointing at different clinical and pathological features between EOPC and AOPC, we sought to evaluate whether EOPC displays a different genomic landscape compared to AOPC utilizing three distinct cohorts from MSK, the TCGA and an Australian cohort, which used genome sequencing and copy number analysis to define genomic aberrations. This is a first systematic review of contemporary genomic data on age groups of PDAC. We used the clinical definition of EOPC as patients < 55 years at diagnosis, and AOPC as patients > 70 years at diagnosis. Limited by small sample size, the analysis depicts a differential display in several genes across the two groups. We observed a significant differential mutation pattern in SMAD4 and PIK3CA. Using the gene set enrichment analysis tool (gsea; www.broadinstitute.org/gsea), we expanded the analysis and found that the RTK pathways displayed the most remarkable change across this cluster that reflected also in the protein expression (RPPA). Interestingly, we did not detect a higher BRCA mutation rate in the EOPC cases. This observation is in accordance with evidence indicating that while the median age at diagnosis for BRCA carriers is a few years earlier than that the non-carrier cases (17, 18) , the age at onset does not meet the EOPC definition (e.g., the median age of familial cases enrolled into the Pancreatic Cancer Genetic Epidemiology Consortium (PacGENE); (19) ).
Former retrospective studies suggested that EOPC has a better survival compared to their older counterparts (3, 4, 8, 21, 22) . Notably, survival analyses did not show any significant difference between the EOPC and AOPC group in the TCGA cohort and the Australian cohorts although, it is notable that the TCGA cohort is comprised of mostly resected early stage patients. With regard to clinical characteristics, we looked for environmental and genetic factors that may contribute to the etiology of PDAC: cigarette smoking (20) , which according to former studies is attributable in 20-25% of PDAC cases, family history, pancreatitis and diabetes mellitus (the latter two were available only for the TCGA and MSK cohorts) we noted that smoking was most prevalent in the younger patients in all three cohorts. However, there were no specific clinical, histopathological, genomic, or proteomic features which that can clearly distinguish EOPC over AOPC. Smoking has previously been correlated in multiple cohort and case-control studies to an increased risk for PDAC (23) . The risk increases with the extent of smoking history. It has been shown that smoking itself is associated with a younger age at presentation (younger by 8 years) and furthermore, smoking was found to be a strong predisposing factor for PDAC patients with familial clustering or hereditary pancreatitis. Raimondi et al., indirectly suggested a relationship between heavy smoking and EOPC in European countries (7). Piciucchi et al. concluded that EOPC is related to active and early smoking but not to familial syndromes. We did not detect a higher rate of family history among EOPC compared with AOPC (24) . Nevertheless, although BRCA-associated PDAC is diagnosed at a younger age of onset than sporadic pancreatic cancer, the onset is usually earlier by a decade, and by definition the EOPC cohort of this study is comprised of patients younger than 55 years. The lack of association between family history of cancer and EOPC has also been reported by others (6) and might indicate other etiologies such as certain environmental exposure that might predispose to EOPC. We found that SMAD4 and PI3KCA were more frequently mutated in EOPC compared with AOPC in the larger TCGA cohort. SMAD4 plays a role in gene transcription and tumor suppression through the TGF beta signaling pathway (27) . SMAD4 mutations have been documented in 20% of PDAC and are associated with a poorer prognosis and increased tendency for metastases (28, 29) . Once SMAD4 is inactivated, the TGF-beta pathway is not suppressed, resulting in accelerated cell growth (30, 31) . In the EOPC cohort SMAD4 mutations were more prevalent, and moreover, upregulation of the TGF-beta pathway was observed.
PIK3CA mutations were observed in 2-3% of PDAC patients. PI3K has been previously studied in PDAC. Asano et al. descried that PI3K and its downstream signaling pathway are constitutively activated in pancreatic tumors, whereas expression of PTEN, an inhibitor of this pathway, was reduced or lost probably due to promoter methylation (32) . The reciprocal interaction between PI3K and MYC was documented whereas activation of PI3K/Akt leads to NF-κB activation and cMyc stabilization and these two factors are responsible of an increase in cell proliferation.
In summary, key components of two different signaling pathways, SMAD4 (TGF beta) and PIK3CA and related proteins (PI3K pathway) depict a trend of differential expression in EOPC compared with AOPC. These pivotal effectors may interplay, as previously established in the literature, and may delineate a unique profile that is characteristic for younger patients. Though restricted by a small sample size and heterogeneity of the datasets, mainly by the stage (MSK cohort comprised of mostly metastatic patients whereas TCGA comprised mainly of nonmetastatic patients) the analyses herein nonetheless shed light on potential genomic differences attributable to younger versus average age patients with PDAC. Future genomic studies using cutting-edge technologies, and prospective follow-up of the datasets included in 
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